Structural DNA nanotechnology provides a viable route for building from the bottom-up using DNA as construction material. The most common DNA nanofabrication technique is called DNA origami, and it allows high-throughput synthesis of accurate and highly versatile structures with nanometer-level precision. Here, it is shown how the spatial information of DNA origami can be transferred to metallic nanostructures by combining the bottom-up DNA origami with the conventionally used top-down lithography approaches. This allows fabrication of billions of tiny nanostructures in one step onto selected substrates. The method is demonstrated using bowtie DNA origami to create metallic bowtie-shaped antenna structures on silicon nitride or sapphire substrates. The method relies on the selective growth of a silicon oxide layer on top of the origami deposition substrate, thus resulting in a patterning mask for following lithographic steps. These nanostructure-equipped surfaces can be further used as molecular sensors (e.g., surface-enhanced Raman spectroscopy (SERS)) and in various other optical applications at the visible wavelength range owing to the small feature sizes (sub-10 nm). The technique can be extended to other materials through methodological modifications; therefore, the resulting optically active surfaces may find use in development of metamaterials and metasurfaces.
Introduction
Structural DNA nanotechnology has rapidly evolved during the recent decade 1, 2 , and the most influential development in the field has arguably been the invention of DNA origami 3, 4 . The DNA origami technique allows fabrication of virtually any nanoshape with accurate structural features 3, 4 . This powerful method can be used in (sub)nanometer-precise spatial arrangement and anchoring of other nano-objects, such as carbon nanotubes 5 , metal nanoparticles 6, 7, 8, 9 , enzymes/proteins 10, 11, 12, 13 and therapeutic materials 14, 15, 16, 17 . Importantly, these structures are not merely static, but they can also be programmed to act in a dynamic manner 18, 19 . The countless applications of DNA origami range from drug delivery 20, 21, 22 to molecular electronics/plasmonics 5, 23, 24, 25 and from materials science 26, 27 to novel imaging and calibration techniques 28 .
Besides the applications mentioned above, the extreme spatial resolution of the DNA origami shapes could be harnessed in nanopatterning and delicate nanoscale lithography 29, 30 . This protocol describes a lithography method for creating discrete and accurate inorganic nanostructures on substrates using DNA origami templates. These templates can be efficiently produced in various shapes and in large quantities 31 , and deposited effortlessly onto chosen substrates at large scales 32 . These properties allow a highly parallel fabrication of billions of nanostructures in one step as opposed to commonly used but rather slow electron beam lithography or other scanning-based nanofabrication techniques.
Herein, the fabrication process is demonstrated by creating gold bowtie-shaped structures on silicon nitride and sapphire substrates; in other words, the spatial information of DNA origami is transferred to entirely metallic nanostructures. As discussed here, the technique is not limited to the selected bowtie DNA origami structure since the method enables the use of virtually any DNA origami shape. Moreover, with methodical modifications, the technique can be extended to different metals and substrates paving the way towards fabrication of metasurfaces . To design a new DNA origami shape, follow the guidelines below:
1. Design the desired shape and the required staple strand sequences of the DNA origami using caDNAno 35 . To produce a flat, single-layer origami, employ the square lattice option of caDNAno and manually adjust the crossover spacing by skipping some bases in the design (see Figure 1 and the supplemental caDNAno file) to remove the structural twist resulting from the square lattice packing 36, 37 .
2. Extend the ends of each DNA helix with strands containing poly-T (8 nt) overhangs; this will prevent multimerization of the objects through blunt-end base-stacking interactions (Figure 1 and supplemental caDNAno file). 3. Run a computational analysis of the design. CanDo 38, 39 can be used to predict the three-dimensional (3D) shape and structural rigidity of the DNA origami. CanDo is also a useful tool to iterate the number of base skips needed for twist correction and to adjust the design accordingly. 4. In caDNAno, choose the preferred scaffold length and generate the staple strands needed for folding the structure. For the bowtie structure, the 7249 nt long M13mp18 scaffold and 205 unique staple strands are used (see the supplemental caDNAno file). NOTE: There are also other computational tools available for designing DNA origami structures 40, 41, 42, 43 . Depending on the chosen tool/ software, other simulation tools may also be used 43, 44 .
Assembly of DNA origami
1. Make the stock of staple strands by mixing equal amounts of all the oligonucleotides needed for the bowtie structure (in total 205 staples) 34 .
The oligonucleotides should all have the same initial concentration (e.g., 100 µM in RNase free water 
Purification of DNA origami
NOTE: The excess amount of staple strands can be removed from the DNA origami solution using a non-destructive poly(ethylene glycol) (PEG) purification method. The protocol is adapted from Stahl et al. 45 .
1. Dilute 200 μL of assembled DNA origami structures with 600 μL of 1x FOB (see Table 1 ) to obtain a starting volume of 800 μL. 2. Mix the diluted DNA origami solution 1:1 with 800 μL of PEG precipitation buffer (15% PEG 8000 (w/v), 1x TAE, 505 mM NaCl) and mix thoroughly by pipetting back and forth. 3. Centrifuge the mixture for 30 min at 14,000 x g and room temperature. 4. Carefully remove the supernatant using a pipette. 5. Add 200 μL of 1x FOB and mix gently by pipetting. A different amount of 1x FOB can also be added to obtain the desired DNA origami concentration. 6. To redissolve the DNA origami structures (small transparent pellet in the bottom of the tube), incubate the PEG purified DNA origami structures overnight at room temperature. 7. Estimate the DNA origami concentration after PEG purification by measuring the absorbance at a wavelength of 260 nm using an UV/Vis spectrophotometer. Use the Beer-Lambert law and an extinction coefficient of 1.1•10 8 M -1 cm -1 for the calculation 6 . Typical DNA origami concentration after PEG purification is 15-20 nM. 8. Store the PEG purified DNA origami structures at 4 °C. The DNA origami structures are usually stable for months so large quantities of stock can be prepared for later use. NOTE: The excess amount of staple strands can also be removed using other purification techniques 46 , such as spin-filtration 47 , rate zonal centrifugation 48 and agarose gel extraction 49 . The DNA origami structures are stable in a variety of buffer solutions 50 , and if needed, the storage medium can be changed after the PEG purification through spin filtration 51 .
Agarose gel electrophoresis
NOTE: The quality of the folding and the removal of excess staple strands can be verified using agarose gel electrophoresis. 
Substrate preparation (Figure 3A)
NOTE: The following steps are all performed inside a clean room, except for the SiO 2 growth (Step 9). The cleaning steps can also be substituted with a standard piranha-solution based cleaning if this process is not enough to remove all residues from the substrate.
1. Cut 7 mm x 7 mm chips from a wafer to be used as a substrate. For SiN, use a silicon saw, a diamond cutter pen or a similar implement.
Dicing sapphire (Al 2 O 3 ) will require a specialized tool or saw blade. Chip size does not need to be exact. 2. Cleaning the chips.
1. Immerse the diced chips in a glass with hot acetone (acetone heated to 52 °C) and keep them heated for at least 15 min. Depending on the starting cleanliness of the substrate, a longer time might be necessary. 2. While they are still in the hot acetone bath, gently rub the chips with a cotton swab to mechanically remove any residue films. 3. Using tweezers, lift the chips from the hot acetone and use a wash bottle to rinse them with room temperature acetone. 4. Immerse the chips in a glass with isopropanol and ultrasonicate for 2 min. 5. Lift the chips out from the isopropanol with tweezers and dry them immediately and thoroughly using a nitrogen flow. Only touch and hold the sides and edges of the chips, as areas covered by the tweezers will not dry properly, leaving potentially residues and other contamination on contact areas. For the best results, use as high flow as possible and hold the chip surfaces parallel to the flow direction.
3. Store the chips in a covered container inside the cleanroom for later use.
Plasma-enhanced chemical vapor deposition (PECVD) of the amorphous silicon (a-Si) layer (Figure 3B)
1. Place the chips into the PECVD equipment. 2. Set up the deposition parameters to grow roughly 50 nm of amorphous silicon (a-Si). Exact settings vary by equipment model and calibration. See Table 3 for the parameters used here. Run the a-Si deposition program to grow the layer. 3. After processing, store the chips in a covered container in standard clean room conditions.
Oxygen plasma treatment of the a-Si layer (Figure 3B)
NOTE: This step will make the substrate surface slightly negatively charged and hydrophilic, so that the DNA origami structures can be later effectively adsorbed to the surface with the help of additional magnesium ions.
1. Place the chips into the reactive ion etching (RIE) equipment. 2. Set up the etching parameters to generate oxygen plasma. Again, exact settings vary by equipment model and calibration. See Table 3 for the parameters used here. Run the oxygen plasma treatment program. 3. Continue to the next step immediately as the effects of the treatment will deteriorate fast. Typically, the substrates should be used within the next 30 min after the plasma treatment. 1. Take a sealable desiccator (1.5 L), a Petri dish that fits inside the desiccator (optional) and a perforated plate that can function as a platform inside the desiccator. 2. Take 100 g of silica gel and mix it with 30 g of distilled water in the Petri dish or directly in the desiccator. Do this step preferably at least 24 h in advance to allow the silica gel to stabilize. NOTE: This is used to control the humidity inside the desiccator and therefore also the growth rate and morphology of the SiO 2 film. Higher humidity results in higher rate and coarser structure. Alternatively, the silica gel can be cured in a climatic test chamber. 3. Place the silica gel in the desiccator and separate it with the perforated plate. 4. Position the chips with adsorbed DNA origami as well as an open vial of (fresh) 10 mL of Tetraethyl orthosilicate (TEOS) and another vial of 10 mL of 25% ammonium hydroxide (NH 4 OH) in the desiccator, on the perforated platform. Set the vials near and on opposite sides of the samples. Preferably use a flask cork or a similar flat pedestal to slightly raise the chips from the platform. CAUTION: Both NH 4 OH and TEOS are harmful in case of skin contact and their vapors can cause irritation to both eyes and respiratory organs. Use in a well-ventilated area and wear protective gloves, eye protection and protective clothing. 5. Seal the chamber and incubate for 20 hours at room temperature. This will grow a SiO 2 film on the areas where the DNA origami structures are not located, creating a 10-20 nm patterned mask with DNA origami shaped holes (Figure 4) . 6 . Remove the samples from the chamber after incubation. Store in a covered container. Processing can be paused here. Dispose of the used TEOS and NH 4 OH. The batch of silica gel can be used 2-3 times if it is kept sealed inside the desiccator between uses and used within 2-3 weeks. Figure 3E) 1. Place the chips into the reactive ion etching (RIE) equipment. 2. Set up the etching parameters to only etch 2-5 nm of SiO 2 in order to reveal the a-Si layer beneath the holes in the SiO 2 mask. Exact settings must be determined experimentally for the individual equipment. The parameters used here are presented in Table 3 . Run the anisotropic SiO 2 plasma etching program. 3. Set up the etching parameters to pierce through the 50 nm a-Si layer. The parameters used here are again presented in Table 3 . Run the isotropic a-Si plasma etching program. 4. Remove samples from RIE equipment and store covered. Processing can be again suspended here. Figure 3F) 1. Load the chips into the evaporation chamber of the PVD instrument. 2. Choose a target metal. First, choose an adhesive metal. Here, 2 nm of chromium (Cr) is used. 3. Set up the thickness control program for the target material and thickness. The control method is instrument dependent. Here, a quartz crystal microbalance (QCM) is used. The measured thickness is adjusted by target material density and Z-factor and needs to be corrected by an experimentally determined tooling factor that is specific for the device and each target material. 4. Start the electron beam, align the beam to the target and increase beam current until a deposition rate of 0.05 nm/s is reached. Evaporate until a final thickness of 2 nm is reached. 5. Choose a second target metal (e.g. gold) without venting the chamber or interrupting the process. Interruptions or venting will allow the adhesive metal to start oxidizing and decrease its usability as an adhesive. 6. Repeat Steps 11.3 to 11.4. Evaporate until 20 nm is reached. This will create a DNA origami shaped metal structure through the SiO 2 mask holes with a total height of 22 nm. 7. Vent the chamber and remove samples. 8. Processing can be paused here if the samples are stored covered. Figure 3G 3. Wait for the SiO 2 layer to etch completely and the metal layer to detach. The time will vary noticeably depending on the density of the mask holes. A higher number of holes will translate to faster etching. If the metal layer is difficult to peel off, brief ultrasonication for 5 to 10 s can be used. 4. Once the metal film detaches, rinse the samples with double-distilled water and isopropanol. 5. After rinsing, dry the samples with a nitrogen flow the same way as instructed for the substrate preparation (step 5). Avoid tweezers contact with the chip center, as that may destroy the formed nanostructures. NOTE: Samples can be stored and processing suspended here.
Reactive ion etching (RIE) of SiO 2 and a-Si (

Physical vapor deposition (PVD) of metals (
Lift-off with hydrofluoric acid (HF) (
Representative Results
A schematic figure of the bowtie DNA origami design and its structural details are shown in Figure 1 . Agarose gel electrophoresis and AFM are used to analyze the DNA origami folding and the quality of PEG purification (Figure 2) . The process flow of the nanolithography steps is displayed in Figure 3 . Representative AFM images after SiO 2 mask growth are shown in Figure 4 (this step is depicted in Figure 3D) , while SEM images of the final metal nanostructures can be seen in Figure 5 (this step is depicted in Figure 3H ). Figure 6 demonstrates the optical functionality of the metallic nanostructures templated by the bowtie DNA origami.
Folding buffer (FOB) component concentrations [mM]
Tris Table 3 : Process parameters for plasma-enhanced chemical vapor deposition (PECVD) and reactive ion etching (RIE). The process parameters for these devices are specific to individual instruments and they may need to be adapted when used. 
Discussion
The protocol provides great freedom and accuracy in the shape of produced nanostructures. By changing the design of the DNA origami, the shape of the metal nanostructures can be controlled. The final, exact shape of the metal structures is additionally determined by the mask growth step (Step 9) and to a lesser degree by the mask etching (Step 10) should it not be anisotropic. If the mask growth time is extended enough, the holes in the mask will start to grow shut. This can be used to omit the thinnest features of some structures and control gap sizes, as demonstrated in Shen et al. 34 with separated triangles of the bowtie origami (Figures 5B) . Conversely, thinner shapes can be better preserved by shortening the oxide growth time. This means that it is possible to tune the optical properties displayed in Figure 6 , not just by changing the used origami design, but also by tuning the SiO 2 film growth.
If the mask thickness is changed significantly, that change must also be reflected in the SiO 2 RIE step. Only a very thin layer of SiO 2 should be etched (2-5 nm) to barely pierce through the mask holes. This is the most sensitive and crucial part of the whole process. Since the etching time is extremely short, only 10-20 s, exact settings must be experimentally determined when first attempted with new equipment. This is also true for
Step 10.4 as some SiO 2 is also etched during the a-Si etching. The extent of etched SiO 2 is determined by the selectivity of the used a-Si etch parameters, equipment and even individual equipment calibrations. Care should be taken not to etch away the entire SiO 2 layer during these two processes.
Copyright © 2019 Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported License September 2019 | 151 | e60313 | Page 9 of 10 Another sensitive step is the SiO 2 growth. The growth process is dependent on both the chamber humidity and the current activity of the used TEOS. TEOS degrades as it adsorbs water from the air, causing it to become less effective with age. This can manifest as a significantly slower, less controllable growth rate within months even with proper storage of the chemical. 34 If the resulting SiO 2 layer is thinner than intended, this can indicate a problem with TEOS rather than chamber humidity. While a lower humidity can also result in lower growth rate and thinner film, the resulting film should also be smoother than normal. Meanwhile a coarse grained and rough layer would conversely indicate a problem with high humidity.
It is also possible to perform this protocol on any other freely chosen substrate with two requirements: It must tolerate both HF etching (Step 12) and the 200-300 °C temperatures of PECVD (Step 6). The temperature can be safely lowered to 100 °C for the PECVD of a-Si if a more sensitive substrate is used, but HF cannot be avoided if the protocol is followed exactly as described. To circumvent HF, the application of an additional sacrificial layer would be required. If the requirement of the HF etching is removed, this protocol would become compatible with a wider selection of substrate materials and metals.
As this protocol consists of commonly used and robust micro-and nanofabrication processes, it could be combined with any number of other microfabrication protocols where small feature sizes and complex metal shapes are desired. In the near future, especially with the coming of low-cost DNA origami mass-production 31 , there is potential for this method to facilitate both general use and high-throughput nanopatterning for interface-based nanophotonics and plasmonics 55 .
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